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high-risk Black women26-27 could help to
reduce the Black-White disparity in in-
fant mortality rates. O
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Adjusting for Multiple Testing
When Reporting Research Results:
The Bonferroni vs Holm Methods
MikelAickin, PhD, and Helen Gensler, PhD

Introdution
It is well recognized that when one

tests multiple hypotheses, all bearing on a
single issue, the individual P values of the
tests may not be an appropriate guide to
actual statistical significance. Public health
examples of this problem occur quite
frequently. One is the attempt to charac-
terize a new, ill-defined disease such as
"sick building syndrome." If the investiga-
tor tabulates a long list of symptoms that
might differentiate cases from controls,
even if none of the symptoms are in fact
related to the disease, some of the P
values may fall below the customary .05
cutoff point. The argument advanced for
adjusting the P values is that, without
adjustment, the probability of declaring

that some symptom is related to disease
can be far higher than the nominal .05
level when none of the symptoms are
actually related.

Another class of examples consists of
assessing the effects of an intervention,
such as a smoking cessation program, in
different subpopulations determined by
gender, age, social class, smoking inten-
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sity, and smoking duration. Even if the
program is ineffective in all groups, the
multiplicity of tests may lead to some

groups showing nominal effects. Yet an-

other category of multiple testing situa-
tions involves the fitting of linear models
(such as logistic regression), in which a

nominal P value of less than .05 for an

individual coefficient may need to be
interpreted in light of the fact that it is
implicitly embedded in a series of signifi-
cance statements about the other coeffi-
cients in the model.

Although the Bonferroni procedure
is widely recommended as a general
method of adjustment, a more powerful
procedure has been known to biostatisti-
cians for nearly 16 years. This method is
virtually unknown among practitioners,
and so the intent of this paper is to point
out how simple adjusted P values that are

always better than those adjusted by the
Bonferroni method can be computed.

Methods
The Bonferroni procedure can be

described very simply. When the tests
involve null hypotheses Hi (i = 1, . . . n), in
order to maintain an overall type I error

bound of a on all of them simultaneously,
each of the corresponding P values Pi is
compared with a/n instead of a. The
argument runs as follows. Assuming that t
of the n hypotheses are true, a type I error
can occur only if one of the events Pi <

a/n occurs for one of the true hypotheses.
Since the Bonferroni inequality states that
the probability of a union of events is less
than or equal to the sum of the events'
individual probabilities, the probability
that any event Pi < a/n occurs (for a true
hypothesis) is not greater than ta/n, which
is less than or equal to a.

The Bonferroni testing procedure is
equivalent to an adjustment that replaces
each Pi with nPi (or 1, whichever is
smaller) and compares these adjusted
values with a. The values nPi can be
considered "Bonferronied" P values, in
the sense that nPi is the smallest overall
significance level at which the individual
hypotheses Hi would be rejected.

Holm' provided a method that ap-
plies in the same cases as the Bonferroni
procedure but is uniformly more power-
ful. His method is accomplished as fol-
lows. First, the Pi values are placed in
increasing order. For the purpose of

exposition, one can resubscript them so

that they are already in increasing order;
PI is the smallest, and Pn is the largest.
Second, each P, is compared with

a/(n - i + 1) for rejection. Third, starting
with the smallest P value, one continues
applying these comparisons (from i = 1
and proceeding in order) until the first
nonrejection. Thus, the rejected hypoth-
eses Hi are those for which Pj <
a/(n - j + 1) for all j < i. Because the
divisors are n - j + 1 instead of n, Holm's
procedure never rejects fewer hypotheses
than the Bonferroni procedure does.

That Holm's procedure also bounds
the type I error at a can be seen as follows.
Assume that t of the hypotheses are true.
Let P denote the minimum of the P values
of these true hypotheses. A type I error

occurs only if P first causes rejection at
some stage i, which entails P <
a/(n -i + 1). However, since this is the
first rejection caused by a true hypothesis,
there must be at least i - 1 false
hypotheses (which had to cause rejections
at earlier stages than i), and so i - 1 <
n - t. Thus, a/(n - i + 1) < a/t, and so a

type I error implies that P < a/t. The
Bonferroni inequality applied to P now

proves the result.
From the description of Holm's

procedure, it follows immediately that if
one defines qi = max (n -j + 1) Pj or 1,
whichever is smaller (1 < j < i), then
Holm's method rejects those and only
those Hi for which qi < a. Thus, one can

state that each qi is the "Holmed" P value
for its corresponding hypothesis, in the
sense that it is the smallest overall
significance level at which the individual
Hi would be rejected.

Results
A practical example is shown in

Table 1. The setting was a preclinical
study of potential agents for chemopreven-
tion of skin cancer. The design specified
three groups of mice to be used in studying
the effect of exposure to ultraviolet light
and vitamin E supplementation on skin

levels of vitamin E. The groups were as

follows: (1) control (no ultraviolet light and

no vitamin E), (2) ultraviolet light but no

vitamin E, (3) and ultraviolet light and
vitamin E. The Bonferronied P values
indicated that the ultraviolet light and
vitamin E group had higher levels than the
control group, but the other two compari-
sons would not have met the overall .05
level criterion. Conversely, the Holmed P
values indicate that all three comparisons
are significant at the overall .05 level.

This example illustrates several
points. The first arises because this re-

search was part of a program investigating
the preventive (or potentially harmful)
effects of a-tocopherol conjugates in com-
mercially marketed sunscreens, which
might have substantial implications for the
prevention of skin cancers. It is important
to substantiate basic biochemical mecha-
nisms in animals before moving on to
human studies, and yet funding restrictions
often compel the use of a smaller number
of animals (five per group in this case) than
one might like. It is therefore extremely
important to maximize statistical power,

and in this regard Holm's procedure is
uniformly better than Bonferroni's.

The second point is that it is tradi-
tional to approach data such as these
using analysis of variance. However, in the
traditional F test, only the null hypothesis
of no differences among means is tested.
The F test gives no guidance conceming
which groups are different when the F
statistic is significant and provides little
power to detect a small number of
differences when most means coincide.
For this reason, if individual group differ-
ences are to be interpreted, there is no

reason to perform the analysis of vari-
ance; it is better to proceed directly to

Holm's procedure.

Discussion
There is substantial debate in the

biostatistical and epidemiologic literature

conceming when (if ever) adjustment for

multiple testing is warranted. It is not our
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TABLE 1-Bonferroni- and Holm-Adjusted P Values in a Comparison of
Skin Levels of Vitamin E

Bonferroni-Adjusted Holm-Adjusted
Comparison Mean Difference P P

(UVB + E) - C 18.408 .001 .001
UVB - C 9.368 .070 .047
(UVB + E) - UVB 9.040 .082 .047

Note. UVB = ultraviolet light; E = vitamin E supplementation; C = control.
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aim to contribute to this discussion;
rather, we want to emphasize that once
one has made the decision to adjust, one is
obligated to use the most powerful method
available.

The historical reluctance to use
Holm's method may have several bases.
For one, Holm's proof of the correctness
of his method is considerably more ad-
vanced than the simple textbook argu-
ment that can be used to demonstrate the
Bonferroni procedure. To address this,

we have provided an argument that
should be comprehensible to anyone
familiar with the elementary facts about
probabilities. However, another reason
for the reluctance may be that many
researchers understandably want to pre-
sent P values rather than simplistic reject/
confirm decisions. As we have shown,
Holmed P values are easy to compute.
Consequently, there does not appear to
be any valid reason to continue using the
Bonferroni procedure. [
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Tuberculosis Surveillance in the
United States: Case Definitions Used
by State Health Departments
Scott B. McCombs, MPH, Ida M. Onorato, MD, Eugene McCray, MD,
and Kenneth G. Castro, MD

Introducion
National reporting of tuberculosis

began in 1953. After decades of decline,
the number of tuberculosis cases reported
in the United States increased 14%
between 1985 and 1993, from 22 201 to
25 287.1 On review of recent national
surveillance data, we found that criteria
used to verify cases for reporting to the
Centers for Disease Control and Preven-
tion (CDC) appeared to vary by reporting
area. This study was undertaken to deter-
mine tuberculosis case definitions used by
reporting areas and to describe the extent
to which the current (1990) definition
published by the Council of State and
Territorial Epidemiologists and CDC is
used.

Methods

The 1990 surveillance definition for
tuberculosis2 has three components: (1)
culture-positive cases in which Mycobacte-
rium tuberculosis is isolated from a clinical
specimen; (2) cases in which there is
demonstration of acid-fast bacilli in a
clinical specimen when a culture has not
been or cannot be obtained; and (3)
clinically diagnosed cases, which require
all four of the following criteria: (a) a
positive tuberculin skin test; (b) signs and
symptoms compatible with tuberculosis,

such as an abnormal and unstable (i.e.,
worsening or improving) chest radio-
graph, or clinical evidence of current
disease; (c) treatment with two or more
antituberculosis medications; and (d) a
completed diagnostic evaluation. CDC
has traditionally included in national
morbidity reports all cases that are consid-
ered verified by the reporting areas
without requiring that the cases meet the
published case definition.

In January 1993, a copy of the criteria
used to verify cases of tuberculosis for
reporting to CDC was requested from
each tuberculosis control officer at the
health department in the 53 reporting
areas (50 states, District of Columbia,
New York City, and Puerto Rico). Tuber-
culosis control officers were also asked to
submit written documentation of other
criteria used to verify tuberculosis in
children or in patients infected with the
human immunodeficiency virus (HIV).
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